Wheels are one of the major noise sources of landing gears. Accurate numerical predictions of wheel noise can provide an insight into the physical mechanism of landing gear noise generation and can aid in the design of noise control devices. The major noise sources of a 33% scaled isolated landing gear wheel are investigated by simulating three different wheel configurations using high-order numerical simulations to compute the flow field and the FW-H equation to obtain the far-field acoustic pressures. The baseline configuration is a wheel with a hub cavity and two rim cavities. Two additional simulations are performed; one with the hub cavity covered (NHC) and the other with both the hub cavity and rim cavities covered (NHCRC). 
Introduction
Landing gears are recognized as one of the most significant contributors to airframe noise for commercial aircraft in the approach configuration [1] . A landing gear is an assembly of a large number of components with different sizes and shapes. Wheels are one of the major large-scale landing gear com-5 ponents, which can be considered as the most significant noise sources for simplified two-wheel nose landing gears [2] and important noise contributors for four-wheel main landing gears [3] . Numerical studies of wheel noise can provide a useful insight into the landing gear noise generation mechanisms and can aid in the design of noise reduction treatments. Several experimental and numerical tests have been performed to study 20 the flow features and far-field acoustics of landing gear wheels. Lazos [5, 6] analysed the mean flow features around the wheels of a simplified four-wheel landing gear. The flow separation and attachment regions on the wheel surface were considered to be potential sources of noise [6] . Neuhart et al. [7] performed aerodynamic experiments of a Gulfstream G550 nose landing 25 gear. They reported that the hub area on the wheels might be one of the stronger noise sources due to the high levels of turbulent kinetic energy and pressure perturbations found around the hub area. Yokokawa et al. [8] measured the far-field acoustics generated from a two-wheel main landing gear. They found that the dominant noise sources were the tyre and the 30 sidebrace, compared to the cylinder, the axle, the torque link and the landing gear door. In a four-wheel Rudimentary Landing Gear (RLG) test, complex flow interactions were found between the upstream and downstream wheels [9, 10] , which might be a significant noise source. Liu et al.
[2] performed high-order simulations of a two-wheel nose landing gear and found that the 35 3 wheel noise dominated the strut noise and the axle noise. They observed that more wheel noise radiated towards the sideline direction.
Cylindrical cavities are present on realistic landing gear wheels. These cylindrical cavities can generate tonal and broadband noise. An experimental aeroacoustic study of a high-fidelity six-wheel landing gear performed by 40 Jaeger et al. [11] showed that a reduction of 3 dB in the far-field acoustic SPL can be achieved by covering the hub cavity with a flat plate [11] . In the experiments performed as part of the LAnding Gear nOise database for CAA validatiON (LAGOON) project, two tonal peaks were found in the sideline direction for a generic two-wheel landing gear with two facing rim cavities on 45 the wheels, and they are also confirmed by numerical simulations [12] . The tones are generated by the interaction of the shear layer between the wheels with the acoustic resonance of the rim cavities. These two tones were further investigated numerically by Casalino et al. [13] , who found that the first tone was related to a plane wave corresponding to the floor-to-floor cavity 50 distance, while the second tone was from an azimuthal mode of the wheel cavities [13] . Zhang et al. [14] performed aerodynamic and aeroacoustic experiments of an isolated high-fidelity landing gear wheel including a tyre, a sidewall, a hub, a hub cavity and rim cavities. driving the flow around relatively deep cylindrical cavities is the interaction of aerodynamic flow with the cavity resonance of the depth modes, which is different from the acoustic feedback in the Rossiter's mode [17] . However, for shallow cylindrical cavities, which is the case of the hub cavity in this work, they reported that tones are not as distinguishable compared to deep 70 cylindrical cavities, and the far-field acoustics are generally more broadband [18] . Thus, the sound generated by a hub cavity on a landing gear wheel is expected to be broadband rather than tonal.
The baseline geometry used in the simulations is the same as the one used in the experiments by Zhang et al. [14] . The validation of the numerical 75 methodology against experimental data for the baseline configuration was presented by Wang et al. [15] . The validation is not repeated in this paper.
In this current work, the effects of the hub cavity and the rim cavities on the wheel noise are isolated by covering them in two different simulations and comparing them to the baseline simulation. The results from the baseline 80 configuration are also analysed to give an insight into the sound generation mechanisms and their radiation characteristics. The wheel geometry and details of the grid generation are provided in Section 2. Section 3 describes the numerical methodology and the computational setup in the simulations.
The aerodynamic and acoustic simulation results are presented in Section 4,
85
focussing on the effects of the hub cavity and rim cavities on the near-field flows and far-field acoustics.
Model detail and computational grids
A 33% scaled isolated landing gear wheel from the Technology Strategy
Board CADWIE (Control of Approach Drag Without Impact on the Environ-90 ment) project [14] is used in this study and the model is illustrated in Figure   1 . cavity and the two rim cavities are covered. This configuration is essentially a short aspect ratio circular cylinder and can be compared with the NHC configuration to investigate the noise generated from the rim cavities.
The numerical simulations were performed on multi-block structured grids. 
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The computational domain is shown in Figure 3 with the origin of the axes at 110 the centre of the wheel. The computational domain extends 5D, 4D and 16D
in the upstream, above and below, and downstream directions, respectively.
The spanwise length of the domain is 8D. In the boundary layer region, the value of the wall distance y + is smaller than 2.0 and a grid stretching ratio of 1.15 in the wall normal direction is used to relax the grid distribution. in generalized coordinates using high-order optimized penta-diagonal finitedifference schemes [20] . Compact filters [21] are used for numerical stability.
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At block interfaces with grid metric discontinuities, a finite volume method is applied to reduce grid-induced errors [22] . The inflow boundary condition is a far-field pressure condition based on Riemann invariants. The non-reflecting outflow boundary condition is a Zonal Characteristic Boundary Condition (ZCBC) [23] , which can significantly reduce pressure perturbations gener-140 ated by vortical waves passing through the outlet [23] . The eddy viscosity ratio at the inlet is 5, resulting in a fully turbulent boundary layer. The experimental database used to validate the current simulations is obtained from free transition, and it is demonstrated that at this scale, the experimental measurements are relatively insensitive to the transition treatment [14] . No- 
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The contributions of the hub cavity and rim cavities to the far-field acoustics are isolated by covering them in two different simulations and comparing them to the baseline simulation.
Instantaneous flow field
The instantaneous flow features on the side of the wheel for the three 
Acoustic results from the baseline geometry
The far-field acoustic observers are located at 12.5D away from the wheel.
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The position of observers are described by a polar angle ψ on the plane y/D = 0 and an azimuthal angle φ on the plane x/D = 0, which are defined in Figure 7 (a) and 7(b), respectively. In the following discussions, the hub side observer, sidewall side observer and ground side observer refer to the positions of (ψ = 90 
where c is the speed of sound, i is an integer. The effective depth h taking account of the cavity opening is given by [27] ,
where H cavity and D cavity are the depth and diameter of the hub cavity. The first and second depth modes of the hub cavity in this geometry are 646 Hz range. Further evidence that the noise generated in this frequency range is due to the depth modes of the hub cavity resonance is shown in Figure 9 . In Figure 9 , the experimental far-field acoustic pressure spectra at the hub side observer at three different Mach numbers are shown [14] . The noise sources 
Coherence analysis at the hub cavity depth modes
The coherence function between wall pressure fluctuations and far-field acoustic pressures is given by,
where γ 2 is the coherence function, p w and p hub a are the wall pressure fluctu-
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ations and far-field acoustic pressures at a far-field observer at the hub side.
The coherence function is used to give an insight into potential noise sources. Figure 10 demonstrates the coherence function at frequencies corresponding to the hub cavity depth modes. The coherence (γ 2 ) is largest in the hub cavity region, showing that the middle frequency noise is generated from the 270 hub cavity. The largest value of γ 2 is 0.28, suggesting that the shallow hub cavity noise is more broadband than the deep cylindrical cavity noise in the work by Marsden et al. [16] , where a stronger coherence function is present at the depth mode. This broadband cavity noise is consistent with previous work on shallow cylindrical cavities [18] . 
Contributions from different parts of the wheel
For a closed FW-H integral surface containing multiple components, the far-field acoustics can be obtained firstly by using the information on each component individually, which will give an auto power spectral density (PSD), and then by considering the cross correlation between any two components, 280 which will give a cross power spectral density (CPSD). The CPSD is a measure of the coherence and phase shift of the two signals, which can be used to indicate flow and acoustic interactions, as the interactions will give non-zero cross power at the interaction frequency.
In the current study, the solid FW-H integral surface on the CADWIE 285 20 wheel was divided into three components, i.e. the hub cavity (including the surrounding hub rim cavity), the sidewall (including the surrounding sidewall rim cavity) and the tyre. The far-field acoustic pressures in the time domain are computed by,
where p is the acoustic pressures at far-field observer positions, p hc , p s and p t 290 are from the hub cavity including the hub rim cavity (hc), sidewall including the sidewall rim cavity (s) and tyre (t), respectively. Applying a Fourier transform to both sides of Equation 4 yields,
The far-field pressure spectral power can be obtained by multiplying the complex conjugate to both sides of Equation 5 ,
where S p i p i is the auto PSD and S p i p j is the CPSD. Since S p i p j is the complex conjugate of S p j p i , Equation 6 can be simplified as,
The real part of the CPSD can be negative. For visualisation purpose, only the absolute value of the CPSD's real part is plotted in Figure 11 .
The PSD and CPSD profiles at three observer locations are plotted in (a) PSD at the hub side. second depth mode (1292 Hz). hc, s and t are hub cavity, sidewall and tyre respectively.
p is the farfield acoustic pressure.
the auto powers are discussed. The hub cavity auto power S p hc p hc at the frequencies around the two depth modes is higher at the hub side (approx. 70 dB/Hz in Figure 11(a) ) than the sidewall side (approx. 60 dB/Hz in Figure   11 (c)) and ground side (approx. 60 dB/Hz in Figure 11(e) ). This is because 305 most of the hub cavity noise is radiated towards observers facing the hub. Hz. Therefore, the tyre is the main low frequency noise source.
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The cross powers (CPSD) are noisier than the auto powers due to the limited length of the FW-H signals. The real part of the cross power is a measure of the power shared at a given frequency by the farfield pressure signals of two different parts of the wheel. At the hub side observer in Figure   330 11(b) and sidewall side observer in Figure 11 (d), a spectral hump is shown by the Fourier transform of the cross-correlation between the hub cavity and tyre signals (S p hc pt ) at 0.2 < St W < 0.6, which is not present at the ground side observer in Figure 11 (f). This spectral hump is the effect of the hub cavity on the tyre noise that dominates at low frequencies in this frequency range
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(0.2 < St W < 0.6) . A second spectral hump in the Fourier transform on the cross correlation between the hub cavity and tyre signals (S p hc pt ) occurs between the first and second depth modes at the hub side observer in Figure   11 (b). This does not occur at the sidewall observer in Figure 11 (d) and ground side observer in Figure 11 (f). This spectral hump around the depth 340 modes is due to the interactions of hub cavity flow with the downstream tyre.
For the ground side observer in Figure 11(f) , the level of Fourier transform of the cross correction between the hub cavity and sidewall (S p hc ps ), hub cavity and tyre (S p hc pt ) and sidewall and tyre (S pspt ) are all lower compared to the hub side observer (Figure 11(b) ) and the sidewall side observer (Figure11(d) ).
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Since the ground side is the least efficient radiation direction for the hub cavity noise and sidewall noise, the coherent power of the acoustics from the three components is lower.
Directivity
The directivity of OASPL is plotted against polar angle (ψ) and azimuthal
350
angle (φ) in Figure 12 . The definition of the angles is given in Figure 7 . Most of the noise radiates towards the hub side (φ = 180 0 ) in the upstream direction (ψ < 90 0 ).
The directivity of narrowband SPL (with a band width of 8 Hz) at different frequencies is plotted in Figure 13 to give an insight into how the At 4000 Hz, the directivity is again dipole in nature, radiating towards both the sidewall and hub sides. As discussed in the previous section, this noise is due to the small-scale turbulent fluctuations generated by the rim cavities.
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This will also be shown in Section 4.4, when the rim cavities are covered.
Noise sources localization
When the FW-H integral surface is coincident with the solid wheel surface and neglecting the quadrupole sources, the FW-H equation in the frequency domain can be expressed as,
where,
where x and y are the observer and source locations and their distance is r, S is the FW-H integral surface,n is the unit outward normal vector to the surface S andr is the unit vector pointing from the source point y to the observer location x. P (y, f ) is the noise source strength at each FW-H panel on the integral surface, and thus can be used to indicate the noise source 380 locations at different frequencies. The noise source strength converted to a log scale is therefore,
where p ref is the reference pressure (20µ Pa).
The plots of noise source strength N (y, f ) for far-field observers at the hub side is provided in Figure 14 , which shows that the dominant noise gives similar noise source patterns shown in Figure 14 .
Effects of covering the hub cavity and rim cavities
The effect of covering the hub cavity and rim cavities on the farfield acoustic spectra is shown in Figure 15 for three different observer angles.
The different configurations are shown in Figure 2 . The NHC configuration 400 is with the hub cavity covered. The NHCRC configuration is with the hub and rim cavities covered. At low frequencies, the three different configurations have similar levels at all three observer locations. Therefore the low frequency noise is mainly due to the tyre and the presence of the hub and rim cavities have relatively little effect on this low frequency noise. This is 405 consistent with the discussion on the auto PSD in Figure 11 . For the hub side observer in Figure 15 (a), there is a significant reduction of noise in the middle frequency range around the hub cavity depth modes when the hub cavity is covered (NHC). Again this shows that the mid frequency noise around the first and second cavity depth modes is generated by the hub cavity. The high is not as significant as the hub side observer (Figure 15(a) ). This is due to most of the hub cavity noise being radiating towards the hub side rather than the ground side. When the rim cavities are covered, a reduction of the high frequency noise at the ground side is also illustrated by the NHCRC 425 configuration.
The OASPL for the three configurations are shown in Figure 16 . Compared to the baseline configuration, when the hub cavity is covered (NHC configuration), a significant reduction of 6.4 dB is achieved at the hub side, most of which is from the middle frequency noise around the hub cavity depth 
Conclusions
High-order CAA simulations were performed to investigate the flow features and far-field acoustics of three different landing gear wheel configurations to isolate the effects of a hub cavity and rim cavities on landing gear wheel noise. The baseline configuration is the same with the geometry used 
